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Abstract
We theoretically investigate optical absorption of molecules embedded nearby metallic antennas
by using discrete dipole approximation method. It is found that the spectral peak of the absorption
is shifted due to the radiation-induced correlation between the molecules. The most distinguishing
feature of our work is to show that the shift is largely enhanced even when the individual molecules
couple with localized surface plasmons near the different antennas. Specifically, we first consider
the case that two sets of dimeric gold blocks with a spacing of a few nanometer are arranged,
and reveal that the intensity and spectral peak of the optical absorption strongly depends on the
position of the molecules. In addition, when the dimeric blocks and the molecules are periodically
arranged, the peak shift is found to increase up to ∼ 1.2meV(300GHz). Because the radiation-
induced correlation is essential for collective photon emission, our result implies the possibility of
plasmon-assisted superfluorescence in designed antenna-molecule complex systems.
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I. INTRODUCTION
Optically-illuminated metallic nanostructure, such as nanoparticles and nanoblocks, gen-
erates an extremely localized electric field due to localized surface plasmon resonance
(LSPR), by which we can make individual molecules effectively couple with weak light [1].
In addition, the intensity gradient of the localized field becomes steep enough to break
long-wavelength approximation, and excite dipole-forbidden transitions even in a single
molecule [2–4]. These features remind us of sophisticated antenna systems for photons,
and have attracted increased attention from various scientific fields with a view to efficient
reaction fields [5–7]. We have theoretically examined optical responses of antenna-molecule
coupled systems, and found that, for certain set of parameters, one can efficiently excite
only the molecule with the antenna excitation inhibited (energy transparency effect) [8, 9].
Actually, similar effect is experimentally verified using gold nanoantenna system [10]. Such
a transparency is explained by considering the quantum interference between the molecular
polarization and the plasmon, and it can be applied also to the nonlinear response by a few
photons [11].
Besides, it is theoretically proposed that the plasmon-assisted enhancement of light-
molecule interaction can be applied to cooperative photoemission such as superradiance
and superfluorescence [12, 13]. According to the Dicke’s theory, the ensemble of emitters
can radiate coherent light after creating a macroscopic dipole moment through the incident
and radiation fields [14, 15]. Then, in general, cooperative photoemission requires high-
density emitters. Actually, in Ref. [12, 13], all the molecules are assumed to lie under the
common localized field. However, if the molecules are efficiently excited by using the energy
transparency effect, the radiated field from the molecule should be enlarged. Then, such a
plasmon-assisted radiations can enhance inter-molecule correlation.
In the present work, we numerically analyze the optical absorption of molecules near
a metallic nanostructure by using discrete dipole approximation (DDA) method [16–18],
and investigate the correlation between the molecules. Here it is assumed that the metallic
structure consists of dimeric gold nanobloks with a spacing of a few nanometer. In such a
system, the intensity of the localized electric field becomes ∼ 105 times larger than that of
the incident light [19]. In addition, the periodic array of the dimeric blocks is also produced
experimentally [20, 21]. It is found that the spectral peak of the optical absorption becomes
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FIG. 1: (a) Schematic figure of the metallic nanoblocks. We arrange four gold nanoblocks with
a small spacing 2.83 nm. The size of each nanoblock is 40 × 40 × 4 nm3. (b) The profile of the
electric field intensity in the absence of the molecules. The two-way orange arrow indicates the
direction of the polarization of the incident field. One can see that the total electric field is strongly
enhanced at the spacing, and produces “hot spots” for the molecules. (c, d) The profile of the
total electric fields is plotted when the direction of the polarization is changed. One can see that
the position and the intensity are changed with the direction.
largely shifted even when the molecules couple with different plasmons. We also find that
radiation-induced correlation is further enhanced when the dimeric blocks and molecules are
periodically arranged. The quantitative study of the inter-molecule correlation is essential
to explore the cooperative photoemission in the metallic antenna-molecule coupled system,
and may contribute to designing future photoemission devices.
II. MODEL AND METHOD
The system under consideration is shown in Fig. 1(a). The size of each block is 40 ×
40× 4 nm3, and the spacing between the blocks is 2.83 nm. For a clear demonstration, we
have considered the blocks to be sufficiently thin so that the mode volume of the localized
light fields becomes comparable to the molecular volume. In order to obtain the optical
absorption, we solve the discretized integral form of Maxwell’s equation within DDA [16–
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18]. In this calculation, we divide the whole space containing the metal blocks into small
cubic cells, where microscopic quantities such as the electric field and polarization in each
cell are averaged. The integral equation is given by
Ei = E
0
i +
n∑
j=1
G
f
i,jPjVj + (Mi − Li)Pi, (1)
where n represents the total number of cells, and i, j are the cell number. The incident field
E0i is linearly polarized along the direction of the orange two-way arrows in Figs. 1(b-d),
and the polarization in each cell is connected with the total electric field Ei as
Pj = χjEj. (2)
Here, χj and Vj are the optical susceptibility and the volume of the j-th cell, respectively.
The free space Green’s function Gfi,j has both transverse and longitudinal electromagnetic
components. The term including Mi − Li denotes the self-interaction, which is introduced
in order to avoid unphysical divergence and can be calculated analytically as [22, 23]
Mi =
8pi
3
I [(1− ika) exp(ika)− 1] , (3)
and
Li =
4pi
3
I. (4)
Here the parameter a characterize the size of the unit cell, and k = ω/c is the wave number
with ω being the frequency of the incident field.
The unit cell in the metal blocks has a Drude-type dielectric function
χmi = ε
m
bg − εbg −
(~ωp)
2
[(~ω)2 + i~ω(~γb + ~νF/Deff)]
,
where the background dielectric constant of the gold is set to be εmbg = 12.0, and the environ-
mental background dielectric constant to εbg = 1.0, i.e., the dielectric constant of vacuum.
As for the other parameters in the gold blocks, we employ the ones in Ref. [24, 25]: the
plasma frequency ~ωp = 8.958eV, the nonradiative damping constant ~γb = 72.3meV, the
mean free path of electron Deff = 20nm, and the Fermi velocity νF = 1.4× 10
6m/s. As for
the susceptibility of the molecule, we assume it to be Lorentzian;
χmj =
(|d|2/Vj)
(~Ωm − ~ω − iγ)
, (5)
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where d = 9.7 Debye is the dipole moment, ~Ω = 1.57eV is the resonant energy, and
~γ = 1meV is the nonradiative damping constant. We have employed these parameters so
that the molecular system becomes resonant to LSPR of the gold blocks, which is necessary
in order to introduce the energy transparency effect [8, 9].
In this work, we mainly calculate the absorption cross section of molecule according to
the definition
σabs = 4pi
ω
c
∫
V
d3r
|E(r)|2
|E0(r)|2
Im{χ(r)}. (6)
It should be noted that the total electric field is derived by numerically solving the simultane-
ous equations in Eqs. (1, 2), i.e., the electric fields in the metallic antenna and the molecule
are self-consistently calculated. We will estimate the correlation between molecules from the
spectra of the absorption cross section.
III. RESULTS
Before calculating the optical absorption of the molecules, we show the profile of the
electric field intensity for the case where only the four gold blocks are set (see Figs.1(b-
d)). One can see that electric field is enormously enhanced nearby the gap structure of the
dimeric antenna, so-called “hot spot”. Therefore, when the molecules are set at the hot
spot, the plasmon fields excite the molecules efficiently. Note that the electric field becomes
considerably small far from the hot spots, and then we can excite plasmons with small
correlations in the distant spots.
Subsequently, we investigate the correlation between the two molecules. We arrange the
molecules at the position of the red and blue circles in Figs. 2(a-d). In Fig. 2(e), the
calculated absorption cross-sections of the molecule A (red circle) are potted against the
energy of the incident light. One can see that, when only one molecule is set in the hot spot,
the peak of the absorption is red-shifted by 1.1meV from the resonant energy ~Ω = 1.57eV
(see black dotted line). This shift is caused by the dipole-dipole interaction between the
dimeric antenna and the molecule. When another molecule (B) is arranged apart from the
hot spot, we cannot see the visible difference in the spectrum (green dashed-dotted line and
blue dashed-two dotted line). On the other hand, in case that both of the two molecules are
set in different hot spots, the absorption cross section is further red-shifted (red continuous
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FIG. 2: (a-d) Top view of the position of two molecules and metal blocks. The polarization
direction of the incident field is represented by two-way orange arrow. (a-c) One of the molecules
is fixed (red circle), while the other one (blue circle) is placed in different positions. (d) We alter the
polarization direction in the same configuration as (c). (e) Absorption cross-section of the molecule
(red circle) is plotted against the incident field energy for different arrangement of molecules. The
black dotted line represents the absorption for the case where only one molecule (red circle) exists.
One can see the large peak shift (∼0.6meV) due to the inter-molecule interaction, only when both
of the molecules are located in the hot spots (Fig. 2 (c,d)).
line). We consider that this additional shift originates from the molecule-molecule coupling
via the radiation field, because the interference between the plasmons in the distant hot
spots has been already included in the case with single molecule. This is the essential
difference from the previous work [12, 13]. The additional shift reaches 0.6meV (150 GHz)
that is comparable to the one by the antenna-molecule coupling. The large inter-molecule
correlation appears only when both of the them are excited with high efficiency due to
energy transparency effect, and then the plasmon-molecule interference plays the essential
role also in the inter-molecule correlation. Besides, when the polarization direction of the
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FIG. 3: (a) Top view of the arrangement of the dimeric antennas and the molecule. Here the
spacing between the blocks is changed to be 3nm according to the convenience in the calculation.
(b-c) Top view; two sets of the dimeric antennas, and one and two molecules, respectively. (d) Top
view of the periodic 1D array of the dimeric antenna-molecule coupled system. (e) The absorption
cross-section is plotted for each arrangement pattern. One can see that, in the 1D periodic array,
the largest red-shift ∼1.2 meV is induced due to the radiation induced inter-molecule correlation,
which exceeds the one due to the antenna-molecule coupling.
incident field is altered, the number of hot spots is also altered. Seeing the yellow dashed
line in Fig. 2 (e), the comparable shift is observed even though the absorption cross-section
decreases due to the decrease of the effective electric field in one hot spot.
The inter-molecule correlation can be further enhanced by periodically arranging the
dimeric antenna-molecule complex. In order to calculate the optical absorption in such a
system, we apply the periodic boundary condition to DDA calculation following Ref. [26].
In order to apply the boundary condition, we have changed slightly the spacing between
the nanoblocks into 3nm. Figures 3(a-d) show the arrangement of the metallic antenna
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and molecules. In Fig. 3(e), we plot the absorption spectra of one molecule for different
arrangements. One can see that the peak shift of the absorption spectrum is no more than
0.4 meV when we add the second set of dimeric antenna and molecule. On the other hand,
in case of 1D periodic array structure, the peak shift is increased up to ∼1.2 meV (300GHz),
which exceeds the one due to dipole-dipole interaction between one dimeric antenna and one
molecule.
IV. CONCLUSION
With the use of discrete dipole approximation method, we have numerically investigated
optical absorption of molecules nearby metallic antennas. We find that large radiation-
induced correlation between the molecules can appear even when they couple with different
plasmons. The essence of such a large correlation is energy transparency effect due to
quantum interference between the plasmon and molecular polarization. Because of the
effect, one of the molecules is effectively excited and radiates a photon that couples to
the other molecule. We also have evaluated the inter-molecule correlation in periodically
arranged antenna-molecule complex, and found that the correlation can be comparable or
greater than the single antenna-molecule correlation.
Although our calculation is based on only linear response theory, the large inter-molecule
correlation makes us expect to introduce collective photoemission. Because the metallic
antenna can be designed, it may lead to photoemission devices using controlled superfluo-
rescence. For that aim, we have to calculate optical responses including nonlinear excitations
in future work.
V. ACKNOWLEDGEMENTS
We thank Dr. Y. Mizumoto for helpful discussion on numerical calculation by discrete
dipole approximation method. This work was partially supported by a Grant-in-Aid for
JSPS Fellows No.13J09308 and a Grant-in-Aid for Scientific Research (A) No. 24244048
8
from Japan Society for Promotion of Science (JSPS).
[1] P. Anger, P. Bharadwaj and L. Novotny, Phys. Rev. Lett. 96, 113002 (2006).
[2] M. Takase, H. Ajiki, Y. Mizumoto, K. Komeda, M. Nara, H. Nabika, S. Yasuda, H. Ishihara
and K. Murakoshi, Nat. Photon. 7, 550 (2013).
[3] T. Iida and H. Ishihara, Phys. Status Solidi A 206, 980 (2009).
[4] P. K. Jain, D. Ghosh, R. Baer, E. Rabani, and A. P. Alivisatos, Proc. Natl. Acad. Sci. U.S.A.
109, 8016 (2012).
[5] P. Bharadwaj, B. Deutsch and L. Novotny, Adv. Opt. Photon. 1, 438 (2009).
[6] L. Novotny and N. van Hulst, Nat. Photon. 5, 83 (2011).
[7] P. Mu¨hlschlegel, H.-J. Eisler, O. J. F. Martin, B. Hecht, D. W. Pohl, Science 308, 1607 (2005).
[8] H. Ishihara, A. Nobuhiro, M. Nakatani and Y. Mizumoto, J. Photochem. Photobio. A: Chem.
221, 148 (2011).
[9] M. Nakatani, A. Nobuhiro, N. Yokoshi, and H. Ishihara, Phys. Chem. Chem. Phys. 15, 8144
(2013).
[10] Y. Tanaka, H. Ishiguro, H. Fujiwara, Y. Yokota, K. Ueno, H. Misawa and K. Sasaki, Opt.
Express 19, 7726 (2011).
[11] Y. Osaka, N. Yokoshi, M. Nakatani and H. Ishihara, Phys. Rev. Lett. 112, 133601 (2014).
[12] V. N. Pustovit and T. V. Shahbazyan, Phys. Rev. Lett. 102, 077401 (2009).
[13] P. A. Huidobro, A. Y. Nikitin, C. Gonza´lez-Ballestero, L. Mart´ın-Moreno, and F. J. Garc´ıa-
Vidal, Phys. Rev. B 85, 155438 (2012).
[14] R. H. Dicke, Phys. Rev. 93, 99 (1954).
[15] R. Bonifacio and L. A. Lugiato, Phys. Rev. A 11, 1507 (1975).
[16] E. M. Purcell and C. R. Pennypacker, Astrophys. J. 186, 705 (1973).
[17] M. A. Yurkin and A. G. Hoekstra, J. Quant. Spectr. Rad. Trans. 106, 558 (2007).
[18] F. Della Sala and S. DfAgostino, Handbook of Molecular Plasmonics, (Pan Stanford Publishing
Pte. Ltd., 2013).
[19] E. Hao and G. C. Schatz, J. Chem. Phys. 120, 357 (2004).
[20] K. Ueno, S. Juodkazis, T. Shibuya, Y. Yokota, V. Mizeikis, K. Sasaki and H. Misawa, J. Am.
Chem. Soc. 130, 6928 (2008).
9
[21] V. G. Kravets, F. Schedin, and A. N. Grigorenko, Phys. Rev. Lett. 101, 087403 (2008).
[22] A. D. Yanghjian, Proceedings of the IEEE 68, 248 (1980).
[23] J. I. Hage, J. M. Greenberg, Astrophy. J. 361, 251 (1990).
[24] P. B. Johnson and R. W. Christy, Phys. Rev. B 6 4370 (1972).
[25] R. Antoine, P. F. Brevet, H. H. Girault, D. Bethell and D. J . Schiffrin, Chem. Commun. 1901
(1997)
[26] B. T. Draine and P. J. Flatau, J. Opt. Soc. Am. A 25, 2693 (2008).
10
